Two-ion component electrostatic ion cyclotron (EIC) waves are studied in a single-ended Q-machine containing variable concentrations of Cs + and K + ions. Measurements of the excitation and propagation characteristics of the waves are presented and compared with available theories. The waves are internally excited by drawing an electron current along the magnetic field to an 11-mm exciter disk. Both Cs + and K + EIC waves can be simultaneously excited over a large range of relative ion concentrations. The EIC wave features are found to depend on the relative ion concentrations. As the light ion (K +) concentration is increased, the frequency of the heavy ion (Cs +) mode shifts toward its cyclotron frequency. Likewise, the frequency of the light ion mode approaches the light ion cyclotron frequency as the heavy ion concentration is iincreased. The critical drift velocity for the excitation of the heavy ion (Cs + ) mode is more strongly dependent on the relative ion concentrations than that of the light ion (K +) mode. These results are of interest in the context of EIC wave excitation in the ionosphere.
INTRODUCTION
Electrostatic ion cyclotron (EIC) waves were discovered in 1961 in laboratory work in a Q-machine [D'Angelo and Motley, 1962 ] and later given a theoretical interpretation by Drummond and Rosenbluth [1962] , who developed a Vlasov theory for current-driven EIC waves in a homogeneous, collisionless, magnetized plasma. Motley In the more recent years, work on EIC waves has also been motivated by observations of the waves in the highlatitude ionosphere [e.g., Martelli et al., 1977; Bering, 1983 Bering, , 1984 Bering et al., 1975; Kintner eta!., 1979; Fejer et al., 1984; Providakes et al., 1985; Reed, 1980; Haldoupis eta!., 1985] .
The Earth's ionosphere, however, contains a mixture of several positive ion species, e.g., H +, O +, NO +, with concentrations varying according to altitude. Thus it has become necessary to understand the excitation of EIC waves in multispecies plasmas by performing laboratory experiments in plasmas with more than one positive ion component. A theory for such a situation, of direct application to the case of the Earth's ionosphere, was presented by Copyright 1989 by the American Geophysical Union.
Paper number 89JA00504. 0148-0227/89/89J A-00504505.00 Kindel and Kennel [1971] , using the kinetic theory developed earlier by Drummond and Rosenbluth [1962] . More recent theoretical work has been performed by, e.g., Satyanarayana et al. [1985] and Ganguli et al. [1985] .
As far as laboratory work is concerned, there have been a few experiments on EIC waves in multi-ion-species plasmas, in which the waves were externally launched. Ono et al. [ 1980] investigated the parametric excitation of EIC waves in a He+-Ne + plasma, using an external RF oscillator. Sugai et al. [1982] launched waves in a He+-Ne + plasma using an electrostatic antenna. They concentrated their investigation on the effect of light minority ions with small concentrations (-1%).
So far, only two experimental studies in two-ion component plasmas have been reported, in which the EIC waves were excited internally by passing a current through the plasma. Rynn [1986] discussed his and Lang's work in a K +/Ba + plasma, their main concern being the question of ion heating by the EIC waves. More recently, Suszcynsky et al. [1988a] have presented a short, preliminary account of their studies in a Cs+/K + plasma, in which the relative concentrations of the two-ion species could be varied over a rather wide range. They also developed a simple, resistive threefluid model to account for some of the observed wave properties. This investigation has now been expanded and a more detailed and comprehensive account is given here.
The paper is organized as follows. Section 2 contains a short summary of theories of the EIC instability, which are relevant to the present experiments. Section 3 describes the experimental arrangement and, in particular, the technique used to determine relative ion concentrations. Section 4 presents the experimental results on the excitation of the "heavy" and "light" ion modes. Of particular interest is the experimental determination of the critical drifts required to excite either mode, at different relative Cs + and K + concentrations. Finally, section 5 contains the conclusions. Kindel and Kennel [1971] discussed the EIC instability in the context of an ionospheric-magnetospheric plasma, pointing out that this instability has the lowest threshold among several current-driven instabilities. Their treatment, however, was appropriate only to situations in which particle collisions could be altogether neglected. This restricted the validity of their analysis to altitudes well above the F region density maximum. Excitation of EIC waves at much lower altitudes, where collisions are frequent, was also discussed using a fluid theory [e.g., D'Angelo, 1973; Chaturvedi, 1976] . In Chaturvedi's approach, the EIC instability appears as a resistive instability in which electron collisions provide the dissipation and prevent the instantaneous rearrangement of the electrons to a Boltzmann distribution in the potential of the wave. Electron collisions thus provide the destabilization of the waves, while collisions of the ions with the neutral gas atoms are stabilizing. Bridging these two extreme treatments of the EIC instability is the one provided by Satyanarayana et al. [1985] . They used a kinetic treatment rather than a fluid model, with the addition of a collision term of the BGK type, with a strength that depends on altitude through the collision frequencies of ions and of electrons. This approach has the advantage that the entire altitude range between 100 km and, say, 600 km could be examined. As In an attempt to provide ourselves with a simple fluid analysis of EIC waves in a plasma consisting of electrons and two positive ion species, we have adapted the approach of Chaturvedi [ 1976] to the circumstances of our laboratory experiments. We use the continuity and momentum equations for the electrons, the light ions (L) and the heavy ions (H). The magnetic field is taken to be uniform, B = Bt, and the plasma uniform and charge quasi-neutral, rt e = nL + nr•. 
THEORETICAL SUMMARY

In a preliminary calculation it was assumed that both ion species were cold, T L -T H = 0 [see
EXPERIMENTAL RESULTS AND DISCUSSION
As stated in section 3, the EIC instability is excited by drawing an electron current to a metallic disk of 11-mm diameter (thus with a radius several times the gyroradius of the heavy-ion species, but smaller than the plasma column), located on the axis of the plasma column and biased, generally, at a few volts above the plasma potential. The disk is located ---1 cm in front of an electrically floating, cold endplate, ---90 cm from the hot plate. We detect the instability by observing the fluctuations in the current to the exciter disk. Typically, the EIC wave amplitude, An/n, can be as large as 30-40%.
A frequency spectrum of the current fluctuations is shown in Figure 3, For a more definitive identification of the EIC modes, we obtained a frequency spectrum at various values of the magnetic field and observed that these modes have frequencies proportional to the magnetic field strength (Figure 4) . In addition to the Cs + and K •-EIC modes, we also observed a low-frequency peak (marked as f* in Figure 3) , corresponding to the difference between the frequencies of K1 and Cs3. Additional modes also appear at frequencies corresponding to K1 -Cs2 -Csl + f*, K1 -Csl = Cs2 + f*, etc. It must be noted that these "combination" peaks were observed only at densities not much larger than -10 lø cm -3. If the density was increased by about a factor 10, even though the relative ion concentrations were similar to those of Figures 3  and 4 , the "combination" peaks were not observed. We have not been able to identify the nature of these peaks, since phase measurements outside the current channel proved very difficult. We do know, however, that they are present not only in the exciter disk current but also in the signals from Langmuir probes located in the plasma column (or, at least, within the current filament) tens of centimeters away from the disk. Finally, the question of the critical electron drifts for excitation of the Cs + and K + EIC modes was addressed (see section 2). The drift velocity of the electrons along the magnetic field was varied by adjusting the bias on the exciter disk. Figure 9 shows the evolution of the wave spectrum, at a magnetic field of 2600 gauss, as the exciter bias was varied between -2 V and +3 V (the space potential is, typically, --•-2 V). In this case the Cs + concentration was --•30%. "Crossover" appears to take place when the Cs + ion concentration is about 0.4 to 0.5.
The observed behavior of the critical drifts is as expected on the basis of the theory summarized in section 2. The observed "crossover" point also seems to be in line with expectations for a mass ratio R = 3.4.
CONCLUSIONS
We have presented an experimental study of EIC waves in a two-ion-species plasma. The plasma, consisting of electrons, Cs + and K + ions was produced in a Q-machine with independent Cs and K atomic beam ovens, so that the relative ion concentrations could be varied over a rather wide range. A fluid theory of EIC waves for such a plasma has also been presented to guide in the interpretation of the experimental results. A concise summary of the experimental findings is as follows:
1. Both Cs + and K + EIC waves are present over a large range of relative ion concentrations (however, the Cs + waves are typically observed at lower minor ion concentrations than the K + waves). 2. The frequency of the heavy ion mode shifts towards the heavy ion cyclotron frequency as the light ion concentration is increased. Likewise, the frequency of the light ion mode approaches the light ion cyclotron frequency as the heavy ion concentration is increased.
3. The critical drift velocity for excitation of each EIC mode depends on the relative ion concentrations, although the dependence for the heavy ion mode appears to be much more pronounced than for the light ion mode (see 4. For low total plasma densities (n •< 2 x 10 •ø cm-3), combination modes with frequencies given by sums and differences of various Cs + and K + EIC wave harmonics have been observed. It has proved difficult to establish the nature of these combination modes, since phase measurements outside the current channel were either impossible or unreliable. At the same time, it was found that the combination modes were present, not only in the spectra of current fluctuations on the exciter disk, but also in the signals from Langmuir probes located in the main body of the plasma as well. However, it is not clear whether these modes are true plasma effects or are generated by, e.g., nonlinear sheath characteristics of the exciter.
The present study shows general agreement with theoretical predictions on EIC waves in multi-ion plasmas. Thus the relevant theories may now be applied with more confidence to actual ionospheric situations. In particular, point 3 above, concerning the critical drifts, may be useful as a diagnostic tool for determining the strength of field-aligned currents in those cases in which only one ion EIC mode is detected, although the plasma contains several species of ions.
